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Abstract 
This paper is concerned with the optimal path planning and initialization interval of one or 
two UAVs in presence of a constant wind. The method compares previous literature results on 
synchronization of UAVs along convex curves, path planning and sampling in 2D and 
extends it to 3D. This method can be applied to observe gas/particle emissions inside a control 
volume during sampling loops. The flight pattern is composed of two phases: a start-up 
interval and a sampling interval which is represented by a semi-circular path. The methods 
were tested in four complex model test cases in 2D and 3D as well as one simulated real 
world scenario in 2D and one in 3D. 
 
Keywords: Path planning, optimization of an interval, sampling mission, 3D synchronisation, 
Simulation with UAV 
 
Introduction 
 
There is an increased interest in the use of UAVs for atmospheric, security and search and 
rescue applications [1]. UAVs have been used in Antarctica to measure the detailed wind 
structure and temperature by using miniaturized turbulence probes in order to simulated heat 
exchange [2]. UAVs have also been used for particle sampling to detect and forecast emission 
rates of spore pathogens, the movement of particle and their composition [1][2][3].  
ARCAA and QUT are currently working on the development of a gas nano-sensor, its 
integration with a solar powered unmanned aerospace vehicle (UAV) and a particle 
concentration visualization display. An application of this sensor will be to evaluate 
greenhouse gas fluxes exchanges into the three domain of carbon cycle [4] or to measure the 
amount of irradiance particles emitted after a nuclear station disaster [5]. 
The use of electric solar powered UAV requires adequate energy management and optimal 
paths in order to make enough sampling patterns with the power available [6]. One possible 
way to sample a control volume is to use two UAVs (Figure 1) [7]. 
During an environmental sampling mission, each UAV measures atmospheric particles 
around a volume which contains a source of particles emission [9], [7].   
The particle rate within this volume can be measured using the “particle continuity equation”:  
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where the first term represents the flux out of the surface and the second represents the release 
flux of particle inside the volume. A gas sensor can be used to calculate the average 
concentration of particles during a sampling interval [8]. The outflow of this volume will be 
evaluated by comparing the concentration inside two semi-circles around the sampling area. 
(Figure 1) 
Even though it is possible to use a system where two different measures can be done with the 
same UAV, we consider that each particle sensor can only measure during one semi-circle of 
sampling [10] because the sensor needs to reinitialize itself. The synchronization of two 
UAVs around the area, one UAV measures the particles flux out of the volume V and the 
second measures the release flux of particles within this volume.  
 
The correct synchronization of UAVs must be done to prevent a collision between them. 
 
 
Fig.1:  Ideal synchronization of two UAVs during the two different phases of a sampling loop 
in constant wind in 2D: an initialization interval and a sampling interval [7] 
 
In this work, we start with the approach proposed by Techy et al [11] which is concerned with 
the optimization of the initialization interval in 2D ; we provide another implementation, 
addition of examples and extend it to a 3D environment. This paper is organized as follows. 
In Section II, we describe the synchronization path of two UAVs during sampling loops in 
2D. Section III explains the extension of the optimal path in 3D. Section IV presents a 2D 
simulation to synchronize the path of two UAVs doing a gas sampling mission near the 
nuclear power station of Fukushima. Section V provides conclusion and ongoing work on this 
project. 
 
Optimization of a synchronized 2D path 
Trochoidal path and trochoidal frame 
 
There are two steps for the UAV synchronization and sampling problem: the initialization 
interval and sampling interval. A synchronization algorithm must be developed to obtain an 
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optimal path between two UAVs during these two phases. The first step is to represent the 
two half circles of UAVs in wind.  
Following Techy et al [11], a trochoidal frame which vary in terms of wind direction and 
represent a turn with the maximum turn rate and a constant speed (Figure 2) is used. 
 
The equations in the trochoidal frame wind plane are: 
 
 
xt t =
Va
δ.ω
sin δ.ω.t+φt +Vw.t+
0t
x
yt t =
-Va
δ.ω
cos δ.ω.t+φt +
0t
y
      (1) 
 
Where Va is the constant speed of the UAV, δ is the orientation of the trochoidal path,ω is the 
maximum turn rate of the UAV and (
0t
x ,
0t
y ) is the initial point.The real path can be drawn in 
Cartesian frame thanks to a rotation of these equations with the wind angle. As an example, 
Figure 2 shows the trochoidal path obtained with 𝜔=0.2832 rad/s, a constant speed Va = 15 
m/s and a constant wind (Vx = 5 m/s, Vy = -5 m/s); the initial point (xto, yto) is equal to (0, 0). 
This trochoidal frame allows controlling the path in terms of wind, particularly the 
optimization of the path when the wind changes. 
 
 
Fig. 2: Trochoidal path of an UAV during a turn with constant wind 
 
Optimization method 
 
It is necessary to create a method to optimize and synchronize the sampling interval and time.  
Two trochoidal paths (x1, y1) and (x2, y2) are programmed as follows, one which respects the 
initial condition (
10
tx ,
10
ty )and one the final condition(
20
tx ,
20
ty ) of the desired positions.  
Thus each couple (x, y) has different heading and initial values that can be writtenas follows: 
 
 
1t
  = ψ(0) - ψw
2t
  = ψ(T) - ψw
      (2) 
 
Where t is the angle between the aircraft heading and the wind direction, "ψ(0)" and  
"ψ(T)" are the initial and final heading 
yE 
yt 
xN 
xt ψw 
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where "xi", "xf", "yi" and "yf" are initial and final x and y position of the initialization interval. 
The main goal is therefore to find the end time of the first trochoid “ta” and the start time of 
the second trochoid “tb” to get a linear trajectory during the initialization interval (Figure 
1).Using the velocity and line tangent constraints of the line segment joining the trochoidal 
paths between A and B, we obtain a system of 2 equations with 2 unknowns.  
 
 the velocities at point A and point B must be equal: 
 
 x 1Na
y 1Ea
 =  x 2Nb
y 2Eb
      (5) 
 
 the line segment must be tangent with the velocity vector at both point: 
 
xN1(ta)-xN2(tb)
yE1(ta)-yE2(tb)
=
xN1(ta) 
yE1(ta) 
     (6) 
 
We now use Cartesian coordinate because this allows to calculate the optimized path for 
perpendicular and non perpendicular wind. 
Using equation (2), we obtain the first condition:  
 
δ1*ω*ta+
1t
 =δ2*ω*tb+
2t

    
(7) 
 
Substituting ta in (6) and considering δ1=δ2 because the same direction of turn is required for 
the two trochoidal paths to allow the continuity of the path, we obtain: 
 
Va cos  δ2.ω.tb+
1t
 +ψw -Va tan α * sin  δ2.ω.tb+
2t
 +ψw =-Vw( cos ψw - sin ψw ) 
(8) 
and 
tan α =
-Vw
1t
 -
2t

δ1ω
( sin ψw -cos(ψw))+
02
Nx -
01
Nx
02
Ey -
01
Ey
 
where “ψw” is the wind direction 
 
The system of equations to be solved is therefore: 
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 xN1 t ,yE1 t                                                                     if t∈[0,ta]
 xN1 ta +xN1(ta) .(t-ta),yE1 ta +yE1(ta) .(t-ta)         if t∈[ta,tβ]
 xN2 t-tβ+tb ,yE2 t-tβ+tb                                              if t∈[tβ,T]
   (9) 
 
where tβ  is the time of the line segment 
 
 
2D Test Cases 
 
Four test cases were considered in 2D. These test cases are an extension of the work by Techy 
[11] which only presented test case “d”. 
The first case consists of comparing the result with and without a S.E. 5 m/s wind. Figure 3 
shows the results; it can be seen that the initialization path with no wind stays perpendicular 
to the initial heading whereas the one with wind has an angle which is less than 90° to account 
for wind effects. 
 
 
Fig. 3:  Initialization interval of an UAV with 5 m/s of wind (red dotted line) and without wind 
(blue solid line) 
 
For the second case, it is necessary to define all the parameters for each UAV. Even if they 
have the same speed and maximum turn rate, the initial heading, initial position, final 
heading, direction of turn are different.  
 
As shown in Figure 1, the sampling interval is represented by a semi circle which is not 
modified in constant wind. The time for a UAV to completed this semi-circle can be 
calculated thanks to the circle diameter and the UAV speed. In this case, the sampling interval 
begins at T and finish at T+tsampling . 
 
Figure 4 shows the results for four different cases (no wind “a”, a 3 m/s coming from 
North/West direction “b”, 8 m/s coming from North/West direction “c” and 3 m/s South 
direction “d”). 
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       “a”        “b” 
   “c”              “d” 
Fig. 4: Synchronization of the path of two UAVs with an optimize time of initialization 
interval  
 
It can be seen that the algorithm produce optimal trochoidal paths for different wind 
conditions. The limit in the computations is shown in Figure “c” where the path between the 
line segment and the second trochoid are not smooth due to stronger wind closed to the cruise 
speed of the aircraft.   
 
Real World Disaster Management 2D 
 
The algorithms were tested for simulating and coordinating two UAVs to fly near the 
Fukushima Power station. The goal of this mission is to measure the emission of irradiate 
particles in the atmosphere in order to evaluate the best distance needed for evacuation.  
 
The parameters for each UAV are:  
UAV1 has the conditions: 
Initial position   
0
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Final position   
0
1

f
Nx
200
1

f
Ey
  
Initial/Final heading )(/)0( 11 T = −
𝜋
2
/
𝜋
2
 
 
Wind 
Wind Wind 
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UAV2 has the conditions: 
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A west/northerly 5 m/s wind was used, based on recorded data [12], for the simulation and the 
sampling altitude was chosen as 200 m. 
Figure 5 shows the results; the red dotted line is the trochoidal path followed by UAV1 and 
the blue solid line represents the path for UAV2: 
 
Fig. 5: Result of simulation with the algorithm for a northerly wind 
 
To illustrate the effectiveness of the method for UAVs with commercial autopilots, we 
simulate the red dotted pattern using the ARCAA’s Green Falcon solar-electric UAV 
autopilot ground station [13][14]. 
 
Fig. 6: Image of Ground Station software during the sampling loop around the nuclear power 
station of Fukushima 
Wind 
15th Australian International Aerospace Congress (AIAC15) 
 
 
15th Australian Aeronautical Conference 
(AIAC15-AERO) 
 
 
 
As can be seen, the aircraft is capable of tracking the trochoidal path defined by the 
optimization method. 
 
Optimisation of a synchronised 3D path planning 
 
This section considers the extension of the synchronised path planning for sampling a 3D 
sphere representing a moving cloud. During the line segment between the two trochoidal 
paths, the UAV climbs to a new altitude. It is possible to define a constant variation of altitude 
or an optimized variation by using the maximum angle of attack of the UAV. If the sphere 
represents a cloud with particles, we imagine that the sphere moves with the wind. The UAV 
must be able to follow the cloud during sampling intervals. Figure 7 and 8 shows the concept 
of this extension to 3D and illustrates the notation used in the equations below. 
 
 
Fig. 7: 3D path planning using the optimal initialization interval  
 
For each altitude, the first step is to calculate the radius of each circle bounded by the sphere 
and the new altitude of each sampling path.The coordinates of the sphere centre aredefined 
by: 
 
 
xc=Rlim
yc=Rlim
zc= R²-xc²
       (10) 
 
Where Rlim is the minimum radius at each sampling altitude and R is the sphere radius 
The next altitude and radius for sampling is therefore: 
 
dz*k+z=z k1+k      
(11) 
  
 )z-(z-R*2=r 2 c1+k
2
1+k     
(12) 
 
Where k is the number of the sampling altitudes and dz is the constant variation with altitude. 
 
 
Wind 
zk, rk 
zk+1, rk+1 
15th Australian International Aerospace Congress (AIAC15) 
 
 
15th Australian Aeronautical Conference 
(AIAC15-AERO) 
 
 
Optimization method with altitude variation 
 
The feasibility of the 3D extension explained in the previous section depends to the variation 
of altitude and the radius limit. Therefore creating a relationship between the variation of 
altitude and the radius of the circle allows keeping a feasible path for each minimum radius 
Rlim. The constraint used to calculate the delta altitude (dz) is the maximum angle of 
attack𝛼max, which depend on each type of aircraft. Moreover, it is necessary to use an 
optimum delta altitude (dz) to get enough sampling data. 
 
 
The formula for the variation of altitude is:  
 
dz= sin αmax * (  )(
1 aN
tx - )(2 bN tx  ²-( )(1 aE ty - )(2 bE ty )²  
(13) 
)(
1 aN
tx , )(2 bN tx , )(1 aE ty , )(2 bE ty depend to the altitude so therefore it is necessary to create an 
algorithm to test at different altitude in order to find an optimum of dz. 
One approach is to use the “golden section” algorithm which finds a solution with a 
reasonable number of iterations. Figure 8 shows results with a maximum angle of attack 
𝛼max= 0.2 and a minimum radius of 100 m. 
Fig. 8 : Path planning around a sphere control volume with a variation of altitude calculated 
by the maximum angle of attack 
 
We can see that the variation of altitude after the second sampling interval is larger than 
500m, which illustrate the necessity to add a constraint about a maximum value of altitude 
(dz). 
 
3D Test Cases 
 
The algorithms used for the path planning in 2D can be applied to include the change in 
altitude and the radius for the second trochoid segment. In the following test case we consider 
a constant variation in altitude of dz =150m, a radius of the sphere of 1000m and Rlim=100m. 
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Figure 9 shows the results for 15 samplings altitudes around the sphere without wind the red 
dotted line represents the UAV1 path and the blue solid line the pattern of UAV2: 
 
Fig. 9 : Path planning around a sphere control volume without wind (15 samplings altitudes)  
 
Figure 10 shows the side and top view results for 15 sampling altitudes around the sphere 
with a North/Westly wind of 5 m/s and a cloud speed of 0.2m/s. 
 
Fig. 10 : Path planning around a sphere control volume with a North/Eastly wind of 5 m/s 
and a cloud speed at 0.2 m/s   (15 sampling altitudes) 
 
We can see that the UAVs are able to track a pollutant cloud moving with the wind.  
 
Conclusion 
 
This paper extends previous literature on 2D for 3D. Results show the benefits of the method 
to produce flyable paths. One of the limitations of these algorithms is that it is not possible to 
simulate path with a wind stronger than UAV speed. These methods can be directly applied 
for UAV or Highly Automated Aircraft (HAA). Simulation results show the feasibility of the 
path for a Cessna 172 and the Green Falcon UAV. The project’s larger goals are to enhance 
the protection of the environment and to develop new strategies to simulate and anticipate the 
evolution of global warming and create optimal strategies for gas/air monitoring UAVs during 
disaster management. 
Wind 
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